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20. (CONTlUD)

J catiter confLgurations at depths of 450 sod/or 650 FSM. iMen coNred to
otard a 11 c•anister perioo ece, the central heated core conflagration
with aKCael valves (iC 979A) demonstrated marestdly longer canister durationI 450 POW, but oily slight Uipro mat at 650 MSV. omwevr, work of
breathing and instired gas temperatures were greatly improved at both depths.
The triple pass canister configuration demonstrated lmproved duration but

, unacceptably high breathing resistance.

Other life support characteristics such as thermal protection, ivcptred
Sas tesperature, and Pd? were adequate to depths of 650 FSW.•he l•Cga
scatter in canister breakthrzuo, data coupled with limited 8WV!e size
made it difficult to establish high-confidence operational 1' Li for the
lKrk 11 URA in any of the tested confltiurations, although sibuificant overall
advantages were demonstrated for the central heated ecore canister
configuration (FC 979A).
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SABS•TRC

g During o sqries of three saturatitm dives performed at the U.S. Navy

Experimental Diving Unit, experiments mere undertaken to compare the CO2

$sc bbing characteristics of two new Kark 11 C02 absorbent canisters with

the standard canister configuration, an& to investigate the ability o! each

syete to support sustp.!ned, heavy work in cold water to depths of 650 ISW.

Canister duration studies were performed on the three CO absorbent

2
canister configurations at depths of 450 and/or 650 FSW. When compared to

standard HK 11 canister performance, the central heated core configuration

with Koegel valves (PC 979A) demonstrated markedly lchger canister duration

at 450 FSW, but only slight improvement ast 650 FSW. However. work of

breathing and inspired gas temperatures waere greatly improved at both depths.

The triple pass canister configuration demonstrated improved duration but

unacceptably high breathing resistance.

Other life sunDort chArartertsitfs miieh an thernal protectonn. Inara_

gas temperature, and P0 were adequate to derths of 650 FSW. The large

scatter in canister breakthrough data coupled with limited sample size

made it difficult to establish high-confidence operational limits for the

Mark 11 11A in any of the te " confiXurations, although significant overall

advantges were desonatrated for the central heated core canister

configuration (PC 979A). •.
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INTRODUCTION

The Me-a* 11 seami-closed sized gas UA and associated equipment MW

originally A.siSned to provide complete life support and thermal protection

ior saturation divers to operate for up to four hours in 2860 (-2.20C) water

to depths of 850 ISV. The Mark 11 diver is tethered to a diver support

facility by an umbilical which supplies breathing gas, hot water, and

electrical connections. Hot water is routed through a breathing subsystem

(Figure 1) where it warm a canister containing a carbon dioxide absotbent

bed, and then to a thermal protection garment, the Mark 16 or URV hot water suits.

During nc val semi-closed circuit operation, breathing gas from the

umbilical passes through an absolute pressure regulator block into an inhala-

tion bag, and then through a hose connection to an oronasal face mask.

Exhaled gas passes from the oranasal mask via a hose to an exhalation bag.

From the exhalation bag, most of the exhaled gas flows zhrough the C02 'emoval

canister to the inhalation bag where it is mixed with Incoming gas Zrom

t-hp ,_im-hleal. And subseauentlv rebreathed. A portion o! the exhaled gas

does not pass through the canister but is exhausted to tae water through an

attitude sensitive exhaust valve (cardioid valve).

Diver safety features include two-way coimunication equipment, a

sensor, and switchover indication equipment. If umbilical gas supply

pressure drops to a low level, the absolute pressure regulator admits

breathing gas from a small emergency supply in the back-pack. If the

breathing bags or canister flood, the diver can switch to open circuit demand

with umbilical, or for a short time, emergency gas supply. Therefore, a

normal cperating mode and three back-up modes are available to the diver

(Figure 2).



A number of parmsters effect the ability of a diver to perform

sustained work at depth while diving with this type of UBA. One of the most

important of these parameters is the in the inspirel gas. The

is dependent upon gas flow ratea, CO2 absorbent efficiency, and the rate

of CO2 production by the exercising diver. A previous evaluation of the
r

Mark 11 UBA in four feet of water demonbtrated that the C02 absorbent

canister appeared to absorb CO2 efficiently for up to seven hours during

prolonged moderate work in cold water (1). However, gas flow rates through

the UBA during this study were so high (up to 16.4 actual 1pm) that much

of the CO2 produced by the exercising diver bypassed the canister, and was

exhausted through the cardioid valve.

Subsequent manned Mark 11 UBA studies at depth$ between 310 and 450 VSW

demonstrated inadequate carbon dioxide scrubbing characteristics in 35"F water

(2). In order to improve the life support capabilities of the Matk 11, two new

canister prototypes which had ahown promise in unmanned testing were chosen

to undergo manned evaluations to depths of 650 FSW along with the standard

canister durinR a series of three saturation dives at the Navy Experimental

Diving Unit.

METHODS

Three sat.ratlon dives with depth duration profiles of 1000 FSW for

29 days, 650 FSW for 23 days, and 1800 F3W for 37 days, were performed in

the Ocean Simulation Facility of the Navy Exp.erimental giving Unit. Each

dive involved six male divers in good physical condition, who were

conditioned for 6 to 8 weeks prior to the dives by running up to 7 km per

day, and pedaling up to 200 watts fer 10 minutes daily on a pedal ergometer.

One of the divers participated in two of the dives.
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Th4 experlmspts were divided into two phases; the first plase cons~sted

of canilter duration studies, and the second phate consisted of graded

exercise atudiev. Each of the three canister conf1iurations as showi •n

Figure 3 was tested at 650 V8W. The contral hooted tote canister confivsra-

tion was also tested at 45U PSW. This configuration included replocamut of

the Hark 11 mask mushroom valves with iowr resistance Koegel valves, and was

designated Field Change 979A. The standard canister had been tested previously

at 450 IFS (2).

Breathing gas mixture was 88/12 helium-oxygscn at 450 FISV, and 95/5

helium-oxygen at 650 1.3W. Rig flow rates were adjusted fcr an average 0-tvar

oxygen consumption (V0 ) of 2.0 1pm. with a maximum P0 of 1.6 ATA, and a

minimum PO of 0.4 ATA. A number 13 orifice was used to provide saini=a sas

loss through the cardioid valve. Caniste, vire packed with 3.0 to 3.3 kS

of High Performance Sodauorb (W. R. Grace Go.) just prior to each canister

duration study.

Gas samplce •rom the canister outlet, cauister inlet, an. oronasal mask

were monitored for P0  and 0 with a mass spectrometer. A small diameter

gas sample line (i.d. 0.66 mm), as designed by Thalmann at a& (3), resulted

in little gas sample mixing and good frequency response, thereby allowing

interpretation of end tidal PC92 values. In addition, diver heart rate,

inspired gas temperature, and rectl temperature were monitored, and oronasal

differential pressure was messured with a modified Validyne pressure trans-

ducer. These parameters were recorded ot a Gould eight channel strip chart

recorder.

3



Dive subjects weercisod on a special uudervter pedal ergometer (3)

mounted on a vertical from placed approximately teo foot underwater. fsrcist

schedules for caniater duration and greded exoercie studies were as outlined

in Table 1. All measurments were made during the final minute of each

exercise period, after steady state had been reached. I. is probable that tht

actual work performed to overcome the cumbined resistance of the watar, thervul

garment, and ergometer was ao such as 1.5 times the indicated load, as immerslon

hai been estimated to increase the work of cycling by 25 to 50 watts depending

upon the garment worn (4,5).

During graded exercise, the diver continied to exerciure until he had

completed the final work load or until be became fatigued. Work cycles

less than 4 minutes in duration were not included in th.a dat3. Canister

duration studies were terminated when canister effluent CO2 reached 1%

surface equivalent value (SEV). Canister breakthrough was defined as that

point in time when canister effluent CO 2 reached 0.5% SEV.

All dive subjects wore the Mark 11 aod to uSA wit.h an umbilickal iLt1.h

of 300 feet. Wet pot temperature was maintained within 2oF of 3507 (1.7C).

In order to duplicate situations of cold breathing gas, a special gas chiller

at the umbilical source designed to cool inspired gas to near ambient

tempe ture was used in all studies. Diver thermal protection was provided

by an NRV hot water suit or a Mark 16 hot water suit with flow and temperature

adjusted at 2.5 gallons per minute and not greater than 110*F (43.30C)

at the dtver.

RESULTS

Figure A is a graphic depiction of typica) canister breakthrough curves

fot the th.:ee tested canister configurations at a depth of 650 FSW. A typical
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curve for the central heated core configurution at 450 tSW in also shown in

Figure 4. All of the curves ate similar in shape, and differ only at the polnz

in time at which peak canister effluent CO2 levels with exercise begin to rise.

Table 2 tabulates the complete set of manned canister ,.uration results

for all canister configurations at both test depths. The modified canister

with a central heated core had a mean duration of 308 t 42 minutes at

450 ISW and 35*7 (1.70C) water temperature for six divers. This woo

significantly better than the standard canister, praviously found to have a

mean duration of 165 ± 23 minutes under the same test conditions. However,

at 650 FSW and 35"7 (1.7'C) water temperature, the central heated core

+
configuration had a mean duration of 160 - 62 minutes, which was only slightly

+higher than the standard canister configuration duration of 128 - 36 minutes

at 650 FSW. The triple pass canister at 650 FSW and 35'F (l.7"C) had the

longest duration (271 - 65 minutes), but the breathing resistance as measered

by the oronasal differential pressure was excessively high and tended to

ii--raseaathe caise became e'chauat'd (lwpro -5)~

Figure 6 graphs mean c%nister duration versus depth for all canister

configurations at 35"Y (1.7*C). The triple pass canister was only tested at

650 FSW, and the data for the standard canister at depths shallower than

450 FSW is from a previous study (2). This graph, as well as Table 2,

emphaaizes the 3reat variability in canister duration between inivY.dual divers

at the sawe depths, and it shows the significant decrement in mean canister

duratian with increasing depth for the standard and central heated core canisters.

Unmanned canister data indicates an additional 15-20% decrement in canister

duration fror 350F to 306F (-1.1"C) at the same test depths (6).
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Table 3 is a summary of the graded exercise studies from all throe dives.

Peak end tidal PCO2 valuen (P ETC02), oronasal differential pressures, inspired

gas -emperatures, and heart rates are tabulated for all -anister configurations

ind work rates at both test depths.

Peak P as illustrated by Figure 7, increased significantly at
EC02'

low work rates from rest levels and then tended to level off at higher work

rates at 650 FSW. Peak PETC02 was significantly higher for the triple pass

canister than for the other two configurations at a given work rate. Righ

minute ventilation did not result in elevated inspired PC0 secondary to
2

inadequate gas residence time in the canister, as inspired P did not exceed
C02

0.4% SEV durinC graded enerise at either depth er for any canister

conf..gurat ion.

Figure 8 graphs oronasal differential pressure versus work rate for

each canister at 650 FSW. Oronasal differential pressure increased with

increasing work rate, and vas so high in the triple pass canliter that most

divers could not complete the 150 watt work cycle. The oronasal AP for

the central heated core canister was significantly less than for either

of the other canisters at 650 FSI,. However, direct comparison of breathinS

resistance between the central heated core canister and the oth•er two zanioter

configurations was not possible tecause PC 979A included both the low resistance

Koegel valves and the central hý.ated core. These two uodificationo were not

man-tested independently. It should be noted, however, that only uslng

this configuration were divers able to complete the 150 watt work cycles.

Mean resting inspirod gas temperatures were 8 to 22*F above ambient

vater temperature, and increaaed by up to an additional 9*F duritkg maximum

work rates, with the central heated core canister providing the highest inspired

gas temperatures. However, divers frequently coplained of increased upper
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respiratory secretions, regardless of the canister type, and they attributed

the symtoms to the cold breathing gas. Meat lose from tho respi" tory tract

was probably substantial, but not sufficient to decrease rectal teporatm,.1

during moderate lA exercise.

Inspired P0 varied between 1.2 end 0.4 ATA during graded exercise. Thm

higher P0 occured during rest and gradually decreased to the lower v•*.Xe a

work rate wac increased from 50 to 150 watts.

DISCUSSION

The phyriology of srea~v state exercise in diving is complicated b7

"the effects of Increased See density and hyperoxia (7). both of those

conditions are associated with decreased ventilatory response to exercise

and CO retention at depth In 4ivers even when they are not subject to
2

increased external breathing rtaistance. increased Was density increases

external brdathing resistauce in any URA, which tends to further depress

If the ability of the diver to increase ventilation with an increase in

metabolic CO2 production a ismpaixed, arterial and tissue PrO2 rise. This

can invoke a ,uwber of undesirable physiol3gical responses including increased

susceptibi1ity to decompression sickness, oxygen toxicity, inert gas narcosis,

reduced exercise capability, and depre0*io0 of central nerwrw' system function (9).

This probleo of rising PCO is deonstrable during graded exercise

studies when P ET rives zo as much as 7.7% SEV at the 100 matt work load
C02

for the triple pass canister at 650 FSW kFigure 8). P is felt

to approxindte arterial PCO, although the P -P radient in divers
2 PETC02  aC0 2 gain ndvr
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still requi-xi investigation. Divers are capable of working with elate4 ICO2

levels, but the dyspnea associated with a given work load is $m*rally greater

than at normal ?C levels, and end tidal P C2levels of greater than 71 SK

are highly undesirable

In view of these physiological considerations, elevated inspired

is hazardous to the diver. Arterial PC02 bens to •i8e in subiects perfoming

light work in air at 1 ATA when inspired O reaches 2.8% SEV (8). This

data and the stape of the canister breakthrough curvei (Figdre 3) support

the 0.5% SO CO2 canister breakthrough criterion, as zmnieter effluet

levels rise at a markedly increased rate once this value is reached, and
Sinspired PC0 could exceed 2.8% sEV within a few minutes. The graded

exercise studies did not demonstrate high inspired PCo at high work rates
C2

in any canister configuration, provided the CO, absorbent bed remained active.

A high inspired PC0 during heavy exercise vould have indicated inadequate gas
2

reeidence time in the canister at high respiratory minute ventilation.

The Mark 11 canister life expectancy in all tested configurations is

highly variable from diver to diver and decreases substantially with depth

and cold. A significant improvement in canister duration offered by the

central heated core canister configuration over the standard canister at

450 PSW is offset almost completely at 650 PSW. This may represent thermal

failure of the scrubbing reaction due to the increased heat capacity of the

dense helium at the deeper depth, as breathing gas temperatures are Pbout the

same for this canister configuration at both depths. Longer canister duration

at 650 FSW is obtainable by using a three pass canister, however the breathing

resistance is unacceptably high and tends to increase as the CO2 absorbent

is consumed.

8
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Inspired gas temperatures in all tested configtrations met the mi•imim

standards currently required by the U S. Navy Diving Manual; however tki central

heated core canister provides signifitantly higher breathing gas tperatures

than the otheT canisters. Respiratory beat loss is substantial but not

sufficient to lever rectal temperaturas in exercising divera at these test

depths. Upper respiratory tract symptoms noted in some cases may not be

solely attributable to cold inspired gas, as low inspired relative humidity

may also contribute to these symptom.

Overall improvement of the life support capability of the Mark 11 USA

is greatest when the central heated core canister and Koegel valves (1C 979A)

are employed. In spite of marginal CO2 scrubbing characteristics at 650 WFSV,

this canister offers a signifitant improvement in CO2 scrubbing to depths of

450 FSW, as well as a varying C02 scrubbing advantage between 4!0 and 650 FSW

if a linear interpolation is used. More importantly, PC 979A significantly

lowers the breathing resistance of the Mark 11 system, and raises the

breathing gas temperature to levels which enhance diver comfort and safaty.

However, because of the larger scatter in canister breakthrough data and

limited sample size, it remains difficult to establish high confidence

operational limits for the Mark 11 UBA, particularly at depths between

450 and 650 FSW, 4

J
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